Ankylosis of the stapes as a cause of deafness was first recognized in 1735 by Antonio Valsalva who carried out post-mortem studies on a subject who was known to have been deaf (Mawson 1963) .
In 1852, Joseph Toynbee, as the result of the dissection of 1659 temporal bones, noted that stapes ankylosis occurred in 39 dissections. The term 'sclerosis' was first used by Von Troltsch in 1861 to differentiate bony stapes ankylosis from common middle ear catarrh. This term was used to signify the clinical condition of stapes ankylosis for which the pathogenesis was not known but believed to be a dry catarrh of the middle ear.
In 1894, Adam Politzer of Vienna introduced the term 'otosclerosis' and he gave the first account of the histopathology of this condition. It is interesting to recall that it was also Politzer who condemned the early operations on the stapes itself so strongly that it was more than half a century before direct surgery on the stapes was attempted again.
In the United Kingdom and in North America, the term 'otosclerosis' first introduced by Politzer has continued to be used to describe fixation of the stapes footplate by bony deposits leading to progressive ankylosis of the footplate in the oval window niche and a progressive conductive deafness. This term, ofcourse, refers to the final inactive stage of the process, whilst the essential pathological lesion is, in fact, a replacement of lamellar bone by bone of a greater thickness, cellularity and vascularity. The term 'otospongiosis', introduced by Siebenmann in 1912, is now generally used by European otologists. It is a more accurate term as it indicates that an active lesion may be present and not simply fixation of the stapes by inactive sclerotic bone. The belief that the process is inactive or soon becomes inactive has, in my opinion, delayed research into the problem of sensorineural deafness which is so often an integral part of the disease and which I will be mentioning in some detail later in this paper. It is very important to use accurate terminology and I hope that the term 'otospongiosis' will eventually replace the older term introduced by Politzer.
Politzer's work was, of course, of fundamental importance as he demonstrated for the first time that the stapes ankylosis was not secondary to chronic middle ear catarrh, believed to be an inflammatory condition, but the result of a primary disease of the labyrinthine capsule. It was not until nearly fifty years later, when the fenestration operation allowed direct inspection of the oval window in the living patient, that the concept of a chronic catarrhal condition causing secondary fixation of the stapes footplate was finally abandoned.
Essential lesion in otosclerosis
The essential histological lesion consists of a localized focus of irregularly-arranged new bone interspersed with numerous vascular spaces occurring in and replacing the dense bone of the labyrinthine capsule. The new bone of the otosclerotic focus stains more deeply with haematoxylin eosin stain and the bone is woven bone differing from normal lamellar bone. The focus varies from a loose spongy structure of irregularly-arranged lamellae of new bone, separated by numerous wide vascular marrow spaces containing osteoblasts and osteoclasts, to a much denser structure of mature bone with relatively few vascular spaces containing few cells. The margins of the focus are usually sharply defined and slightly irregular and may show finger-like projections along blood vessels into the surrounding normal capsule. A border or 'mantle' of blue-staining bone is often seen around blood vessels ofthe focus extending into the adjacent capsule where 'blue mantles' are believed to be the earliest stage of the otosclerotic process.
The otosclerotic focus occurs most often in the area of the labyrinthine capsule just in front of the oval window, and this has been termed 'the site of predilection'. Friedmann (1974) has found that a focus in this area occurs in 80-90% of ears with otosclerosis; the second most frequent site, 30-50%, is the border of the round window. Other less common sites are: in the stapes footplate, around the cochlea, near the internal auditory canal or, rarely, round the semicircular canals.
More recently, Causse and Chevance and their colleagues (1977) have described the existence of microfoci of otosclerosis in the temporal bone. They believe that these foci may produce an enzyme which is toxic and may damage the hair cells of the cochlea giving rise to sensorineural deafness both in patients with proven foci of otosclerosis and in those with no evidence of stapes fixation. In their electron microscopy studies of foci of otosclerosis, Causse and his colleagues showed that cells actively engaged in the lytic process were histiocytes and that osteoclasts considered responsible for lysis by previous workers were rare in active foci and only common in the rebuilding phase and seen mainly in the centre of the lesions. The microfoci lie beyond the limits of the active focus and there is an abundance of histiocytes containing clear vesicles in the microfoci. At the edge of the microfoci collagen fibres were seen in the process of destruction. The destruction of collagen fibres in the vicinity of the microfoci has led Causse et al. (1977) to postulate the presence of an enzyme of a hydrolytic nature. Samples of perilymph have been taken during stapes operations and the proteolytic action of the perilyph has been estimated by a screening method based on the degree of digestion of gelatin photographic film by a drop of perilymph. They then established a statistical connection between the intensity of the proteolytic action of the perilymph and the degree of sensorineural hearing loss estimated by bone conduction audiometry. It was found that 84% of patients with cochlear degeneration and otosclerosis had perilymph rich in hydrolases. Causse also showed the effect of the perfusion of various solutions of trypsin on the hair cells of the cochlea of the guinea pig. The technique is as follows: 'Using guinea pigs under general anaesthesia, the tympanic bulla is opened through the meatus, a very small hole is made in the apex of the cochlea and in the centre of the round window. Without too much pressure, the cochlea is perfused with trypsin solutions of 5%, 2%, 0.5% and 0.1% buffered at pH 7.4 and control guinea pigs were perfused with physiological saline buffered at pH 7.4.' Figure 1 shows the appearance of the hair cells of the cochlea at various strengths of the trypsin solutions.
The conjecture that otosclerosis may cause sensorineural deafness has been discussed and debated for many years and whilst there is general agreement about the histological changes, A l z '--w; 4-- opinions are divided as to the most valuable way to correlate specific morphological changes with sensorineural deafness; several theories have been put forward to explain sensorineural deafness in otosclerosis. Whilst circulatory disturbances with atrophy of the cochlear neuron (Ruedi 1957) and extensive otosclerotic bone transformations may damage the membranous structures of the cochlea and be a factor in cases of gross otosclerosis, such mechanisms cannot be common whilst progressive cochlear degeneration in stapedial otosclerosis is a common finding. It is, therefore, refreshing to read of the enzymatic concept of cochlear loss in otosclerosis that has been developed by the work of Causse and his colleagues in France. There is an enormous literature on the subject of otosclerosis but the majority of the articles in the joumals are concerned with operative technology, and advances in our knowledge of the aetiology and pathology of this disease are limited, despite much research.
There is no doubt that otosclerosis is a common condition and Guild (1944), who studied over one thousand temporal bones, has shown a focus was present in 81 cases and in only 10% of these cases was the stapes ankylosed.
If further work establishes that the enzymatic concept of cochlear loss in otosclerosis is correct, it may in the future be possible to prevent sensorineural deafness in a significant and as yet unknown proportion of the population by the use of anti-enzymatic drugs. Professor Ross Coles (1978, personal communication) , in conjunction with the Medical Research Council, is about to embark on a research project to try and show the effect of fluorides on the hearing of a group of patients with proven otosclerosis, which will include a control group who do not receive this treatment. Patients will be selected who have had stapedectomy operations in the past and who have clear evidence of the disease.
Medical treatment of otosclerosis Although otologists have made enormous strides in the surgical treatment of this condition, few advances have been made in the medical treatment and the following is an apt comment on our failings in this respect: 'For more than a decade, otologists have been occupied with devising ingenious and complicated operations to relieve deafness caused by otosclerosis. They have lost sight of the principle that the scientific method of investigation of disease is to endeavour to discover the cause and thereafter to devise a cure based on precise knowledge of aetiology and pathology' (Hall & Ogilvie 1961) .
It is useful to look upon otosclerosis as having two components -a cochlear component and a mechanical component fixing the footplate. Each component may progress separately or in conjunction with the other giving many clinical varieties of the disease from a pure cochlear type to an obliterative type with a cochlear component.
In a panel discussion on the diagnosis and treatment of cochlear otosclerosis at the 4th Workshop in Chicago in 1973, Shambaugh (1973 ) stated that Guild (1944 has shown that 1 in 8 women and 1 in 15 men have otosclerosis in their temporal bone by middle life and yet only 10% of these have a conductive deafness due to stapedial fixation. It would seem reasonable to accept the view that there may be many cases of sensorineural deafness resulting from undiagnosed otosclerotic foci and Linthicum et al. (1973) have stated that: 'Pure cochlear otosclerosis is slowly becoming recognized as a serious cause of sensori-neural hearing loss comparatively early in adult life. The importance of correct identification is stressed by the possibility that fluoride treatment may effectively halt its advance. Many cases of hearing loss ascribed to presbyacusis are in fact due to a cochlear otosclerosis without stapes fixation.' Linthicum has suggested that the diagnosis of pure cochlear otosclerosis has been made possible by the development of polytomography and has shown that by using Valvassori's methods of polytomography (Valvassori 1965 ), a high proportion of patients with a cochlear loss of more than 40 decibels show radiological evidence of otosclerosis. Diagnosis by radiography, however sophisticated, cannot be expected to show all small foci, and so we are left with a group of patients of an unknown number with a sensorineural deafness which may be due to otosclerosis and which may be stabilized by medical treatment -if this is the case. It is known that otosclerotic bone, due to its metabolic activity, selectively takes up fluoride, as compared to normal skeletal bone, and much more so than normal capsular bone. The end result will be a recalcification of the focus. Causse et al. (1977) believe that the actual mechanism causing sensorineural deafness is the production of a proteolytic enzyme in the region of the microfoci and the only way to prevent the cochlear loss is to use an anti-enzyme or, more accurately, an 'enzyme inhibitor'. The best known inhibitor is sodium fluoride (Shambaugh 1965 ).
Shambaugh has been using sodium fluoride for fifteen years or so. The optimum dose is not known, but he gives 40 mg a day for two years in enteric coated tablets; 1 g of calcium gluconate is given before each meal to supply calcium and, at the end of two years, polytomography of the cochlear capsule and skeletal X-rays are carried out to see if there is skeletal fluorosis. If there is improvement in the hearing, or if it is stabilized, a maintenance dose of 20 mg daily is given for the rest of the patient's life, and if there is no change the larger dose is continued for 6 years. Shambaugh has treated over 1500 cases, and after each year's treatment the proportion of cases showing recalcification of the focus increases. There have been few side effects: these have included joint pains in chronic arthritis and fluorosis in the lumbar spine in 3 patients which returned to normal after cessation of treatment. The contraindication is chronic nephritis with nitrogen retention. His conclusion has been that this treatment has been effective in most cases in arresting the progression of sensorineural deafness in patients successfully operated on by fenestration or stapedectomy. If one accepts the theory of Causse and his colleagues (1977) that the actual mechanism of the cochlear loss is a toxic enzyme produced by histiocytes at the periphery of the microfoci and that this enzyme can be neutralized by fluorides, it would seem this method of treatment should be widely used and may be very important in the treatment and prevention of sensorineural deafness in the future.
Interesting epidemiological studies were carried out by Bernstein and his colleagues in 1966 and Daniel in 1969 to determine the incidence of stapedial ankylosis in areas in the United States with a low content and a high content of fluorine in the drinking water. It was concluded that the observed incidence of medically-diagnosed otosclerosis was significantly greater in the low fluoride areas than in the high fluoride areas, in a ratio of 4 to 1, and that the observed incidence of stapedial otosclerosis in proportion to hearing losses of all types was significantly greater in the low fluoride areas. Shambaugh (1973) remarked that young otologists who were interested in this type of work should choose carefully the area in which they wished to practise, as they would be more likely to gain experience in those areas where there was a low fluoride content in the drinking water.
Surgery in otosclerosis
It is interesting to remember that although the first attempt at stapes mobilization was carried out over one hundred years ago, it was not until twenty years ago that John Shea (1958) described his operation of stapedectomy. Surgery for the relief of deafness in otosclerosis has thus gone through three phases.
The first persistent efforts of surgical treatment of the middle ear, including removal of its tissues, were made with the intention of improving the hearing rather than the treatment of a suppurative condition. In 1978, Kessel, Docent of the University of Graz, showed that the removal of the columella in birds could be achieved without permanent impairment of hearing. His experiments on mobilization revealed that considerable force could be exercised without producing more than a temporary labyrinthine effect. The methods practised by Kessel on the stapes included mechanical and auto massage, division of adhesions, tenotomy of the stapedius muscle and circumcision of the stapes.
The first operation of stapedectomy was carried out by Jack of Boston, Massachusetts on 19 June 1891 (Jack 1891). He undertook an operation for removal of drum head, malleus and incus as advocated by Kessel in 1878 for cases ofchronic sepsis. During the operation, he found the stapes to be carious and removed this also. On the morning after the operation, the patient informed him that she now heard sounds never heard before. Blake, his colleague at the hospital, reported about this time that 'mobilisation of the stapes is of comparatively little value in chronic non-suppurative disease of the middle ear. The disarticulation and removal of the stapes, although it seems the more heroic procedure, is one likely to give more lasting benefit than attempts at mobilisation' (Blake 1892).
Jack now planned a series of stapedectomy operations, the first of 26 cases and the second of 48 including a follow up of the early cases. The operations were for both inactive suppurative otitis media and nonsuppurative otitis media described as 'otitis media insidiosa' (sclerosis). The operation described by Jack (1891) is as follows: 'The operation consists ofmaking a V cut in the tympanic membranes just over the incudo-stapedial joint giving a good view of the most important part of the ear for hearing. The stapedius muscle is cut and the incudo stapedial articulation is severed. The stapes is removed with hooks'. The operation was carried out under general anaesthesia with ether and special instruments were designed for it. He noted better results in inactive suppurative cases and remarked that in most of the cases of otitis media insidiosa (sclerosis), the footplate remained in whole or in part and the improvement in hearing was not great. No deaths occurred as the result of these operations and transient vertigo disappearing in a few days was the only adverse symptom. Blake (1892) commented: 'If persons who have heretofore heard only with difficulty can be made to hear with ease by treatment unattended with danger the operation as above described which has accomplished this result is certainly worth consideration. As to the reason why this effect is produced by the operation I have no theory to offer other than the supposition that it is by the removal of a mechanical obstruction to the sound waves'.
It is unfortunate that, in other hands, stapedectomy proved to be dangerous and was strongly condemned by leading authorities of the time, including Politzer, who gave his enormous authority to cautioning against such a procedure. One must, however, pay tribute to the early pioneers who, without the help of the operating microscope, were able successfully to expose and remove such a small structure as the stapes, and one must also express admiration for John Shea (1958) who had the courage to try again and to establish on a sound footing our modern operations of stapedectomy.
The next stage in the surgical treatment of otosclerosis was concerned with the establishment of an indirect method to allow the inner ear fluids to move again under the influence of sound stimuli, and this phase lasted from 1914 until 1952 when the reintroduction of mobilization of the stapes brought the fenestration operation to its termination. The fenestration operation, started by Jenkins (1913) , was developed by Holmgren (1923) , Barany (1924) and Sourdille (1937) . The early operations were staged operations and only moderately successful, as bony closure of the fenestra was common. There was still prejudice against surgery and it was not until Julius Lempert (1938) described the one-stage fenestration of the lateral semicircular canal and reintroduced and improved the operating microscope, first used by Holmgren in 1923 , that this prejudice was overcome. Lempert's papers describing this operation are remarkable in their minute description of surgical techniques; they are the work of a master craftsman and great teacher. The fenestration operation had many disadvantages as it could never produce normal or near normal hearing; the postoperative course was unpleasant with considerable vertigo for some time; and an open mastoid cavity was produced which required occasional attention for the rest of the patient's life. Nevertheless, the fenestration operation was a great achievement and immediate and delayed cochlear loss as the result of the operation, if properly carried out, was uncommon. Figure 2 compares the result of a fenestration operation on one side and a stapedectomy on the other side in one of my patients. The (Rosen 1953a, b) decided to examine the footplate of patients who were to undergo the fenestration operation by a preliminary tympanotomy, as he thought that a better result could ensue if the footplate was firmly fixed. The operations were carried out under local anaesthetic and it was found that some patients heard well after the stapes footplate had been manipulated to test it for fixation. The operation, which was a very simple one, produced excellent results in many patients and for a short period it was extensively practised; Rosen did a world tour carrying an enormous model of a stapes with him and performed the operation at numerous centres. The late results were poor as fixation occurred again in many of the patients after some months; this was to be expected if the lesion was active. However, the work of Rosen was important as it brought us back once again to the direct method of attack on the stapes itself which had been in limbo for over half a century. Basek & Fowler (1956) extended the technique of stapes mobilization with their operation of anterior crurotomy and detachment of the fixed part of the footplate anteriorly from the remainder. The posterior crus attached to the mobile part of the footplate could now transmit sound to the oval window, and in many cases results were better than simple mobilization.
Finally, in 1958, John Shea, a young surgeon in Memphis, Tennessee, described the operation of stapedectomy which consisted in the removal of the stapes with its fixed footplate from the oval window, the covering of the oval window with a graft of vein and the reconstitution of the ossicular chain with a polythene strut connecting the lenticular process of the incus to the vein graft over the oval window; this, of course, is the basis of the numerous modifications of stapedectomy which have developed since.
Modern techniques of stapedectomy
The principle of all the operations is to remove, in whole or in part, the fixed footplate and to reconstitute the ossicular chain so that sound waves are transmitted to the inner ear fluids. This may be achieved either by using only the patient's own tissues, or by the use of a prosthesis.
The method using only the patient's tissues was first carried out by Michel Portmann of Bordeaux (1978, personal communication) shortly after Shea's original operation (Shea 1958) and was developed by other European otologists. The method may be described as platinectomy and vein grafting of the oval window, with the use of the posterior crus of the stapes to make contact with the vein graft covering the oval window from which the thickened footplate has been removed. Figures 3 and 4 illustrate the method I have used (Beales 1962 (Bull 1973) (Figure 5 ).
The Teflon piston slipped over the long process of the incus, or the wire method of Schuknecht (1964) , can prevent this complication, and these are now the usual methods, but there is still controversy over the treatment of the oval window. It was found that the Teflon piston, being inert, could be introduced through a hole in the footplate to lie just beneath the footplate and the fistula would close spontaneously with a thin mucosal seal or, if the hole was considerably larger than the shaft of the piston, it could be sealed with Sterispon (absorbable gelatin sponge) or a soft tissue graft. Experience over the years has shown that a 'dead ear' may occur many years after a successful operation. In a recent survey of a large number of otologists in the United Kingdom, approximately one-third reported the delayed complication of a 'dead ear' occurring in a small proportion of patients many years after a successful stapedectomy operation. The cause of this is usually the development of a fistula of the oval window, and destruction of hearing is the usual outcome, although it is possible to close the fistula by timely surgery. Fistulas occur also after the Schuknecht (1964) method with wire and a fat graft.
Other workers have tried to avoid this complication by making the opening through the fixed footplate very small and a very close fit for the shaft of the piston; Smyth & Hassard (1978) have described this method in detail and reported a high success rate. I am able to perform this technique if the footplate is well fixed and I use it for the very thick biscuit-type of footplate when a drill is often needed. I find it a difficult method and cannot always achieve success as some of the cases I operate on nowadays seem to have minimal anterior fixation only, which prevents this technique being employed. Belluci (1978) has described three types of footplate seen at operation: (1) footplate with minimal anterior fixation; (2) blue footplate with firm anterior fixation; (3) solid otosclerotic footplate with no blue areas -(a) biscuit-type, (b) obliterative-type. The first type is the most difficult to extract as the normal attachment is often stronger than the area of fixation of the footplate and the whole stapes becomes prematurely mobilized. The second type is the most commonly seen but it is still difficult to make a small round opening in it. The third type usually requires a drill technique and it is possible to make a small opening which fits the piston accurately, but I now rarely see this type of lesion as cases come to surgery at an early stage.
In my opinion, the easiest and safest method is the Teflon piston operation with vein graft interposition (Figures 6 & 7) , which was first described by Jean Causse of Beziers in a (Causse & Bel 1968) . Causse has himself performed more than 25 000 stapedectomy operations (1978, personal communication) . This method has the following advantages: it allows the inner ear to be protected as soon as the footplate has been removed; there is a firm seal around the oval window preventing subsequent fistula formation; and there is mechanical efficiency since the shaft of the piston enters the oval window but is covered by the thin vein graft. From the survey mentioned earlier, figures were obtained for the number of operations for otosclerosis carried out over a twenty-year period in 10 centres in the United Kingdom ( Figure  8 ). It can be seen that there has been a dramatic fall in the number of operations being performed, which indicates that the young surgeon will no longer be able to depend on a wealth of experience in order to become expert. It is no use thinking that we shall put the clock back and carry out this type of surgery in a few special centres as was the case in the fenestration era. In the future, the majority of young surgeons will be doing stapes surgery, when it comes their way, and I believe the answer to this problem is to adopt a technique which is relatively simple and the safest possible one in the hands of the occasional operator -which is what we will be in the future. In my opinion the method I have just described is the simplest and the safest one. It must be remembered that an alternative method of 'treatment' exists, which is the provision of a hearing aid; this will not function if the patient has a sensorineural hearing loss caused by surgery, and for this reason I do not advise operating on the second ear.
